Apoptosis is an evolutionarily conserved process used by multicellular organisms to developmentally regulate cell number or to eliminate cells that are potentially detrimental to the organism. The large diversity of regulators of apoptosis in mammalian cells and their numerous interactions complicate the analysis of their individual functions, particularly in development. The remarkable conservation of apoptotic mechanisms across species has allowed the genetic pathways of apoptosis determined in lower species, such as the nematode Caenorhabditis elegans and the fruitfly Drosophila melanogaster, to act as models for understanding the biology of apoptosis in mammalian cells. Though many components of the apoptotic pathway are conserved between species, the use of additional model organisms has revealed several important differences and supports the use of model organisms in deciphering complex biological processes such as apoptosis.
Introduction
The elimination of unwanted cells by programmed cell death is an integral part of normal development and homoeostasis in multicellular organisms, including the nematode Caenorhabditis elegans [1, 2] . It was not until the discovery of the first genetic components of this process that our appreciation for the events leading to the predetermined elimination of cells began to emerge.
Programmed cell death, when initially described, was based on characteristic morphological events that could be readily seen in dying cells; including cell shrinkage, chromatin condensation and plasma-membrane blebbing. Later, the term apoptosis was employed to distinguish this specific type of cell death from necrosis, cell death resulting from cell injury [3] .
Research in apoptosis has demonstrated that even though 'core' elements of the apoptotic machinery are widely conserved across species, animals with increased complexity possess additional proteins that control the precise execution of the apoptotic process.
Mammalian cells have two primary cell-death-inducing signalling pathways, the intrinsic 'core' and extrinsic cell-death-inducing pathways [4, 5] . In the intrinsic pathway, pro-apoptotic signals lead to the release of mitochondrial proteins including cytochrome c, which binds to, and promotes the oligomerization of the adapter protein Apaf-1 (apoptotic protease-activating factor 1). Oligomerization of Apaf-1 allows the recruitment and autocatalytic activation of caspase-9 and consequently the induction of apoptosis. In the extrinsic death-inducing pathway, cell-surface death receptors of the tumour necrosis factor family induce apoptosis through homophilic interactions with intracellular adaptor proteins that mediate the autocatalytic activation of caspases [5] .
Determining the physiological role of apoptosis in mammalian development requires in vivo studies, primarily based upon the generation and characterization of transgenic gene overexpression and gene-ablation murine models [6] . These models have contributed to our understanding of the basic apoptosis components, and how apoptosis is regulated, although they can often be complicated by genetic redundancy. With this in mind, researchers turned to lower organisms that were both developmentally characterized and genetically manipulable to provide model systems in which to study the role of apoptotic genes during development. The nematode C. elegans provides an ideal model for the study of cell death because of its invariant cell linage, which allows every cell to be followed during development [7, 8] . Therefore, it is no surprise that C. elegans provided the first evidence for the genetic regulation of apoptosis [7] . The fruitfly Drosophila melanogaster provides a system of intermediate complexity between the nematode and mammals, sharing many mammalian components and pathways, but having less redundancy, thereby allowing easier identification of specific functions [9] [10] [11] . Perhaps the greatest advantages to studies in less complex model organisms are their powerful genetics that can be used to generate transgenic lines that either remove gene function (gene knockout) or ectopically over-express genes (transgenic animals). These systems allow the examination of genetic interactions and functional characterization of novel genes using genetic screening methods. This review will concentrate on the genetic and developmental studies that have focused on the regulation of apoptosis in C. elegans and Drosophila, which have enhanced our understanding of apoptosis in mammalian cells.
Apoptosis is an important regulator of normal development
Most studies on apoptosis have thus far focused on the identification and functional characterization of the genes and proteins involved, with little attention to its normal, though critical, role in a developing organism. Activation of apoptosis during development is regulated by many mechanisms and stimuli. Developmental studies in nematode, fruitfly and mouse models have indicated that physiological apoptotic cell death contributes to the regulation of cell number and organ size, elimination of superfluous structures, sculpting of tissues and elimination of abnormal or aged cells [1, 2] .
Tissue homoeostasis
The proper control of tissue and organ size involves the regulated participation of both cell division and apoptosis. For example, the development of C. elegans occurs through a precise, stereotypic pattern of embryonic cell divisions and cell deaths [12] . In the adult nematode, there are 959 somatic cells, but during development, an additional 131 cells undergo predetermined apoptosis. Likewise, in the development of the nervous system in vertebrates and invertebrates, excess cells are normally removed by apoptosis [13, 14] . It is proposed that these excess cells may be required for the developmental stagespecific establishment of appropriate patterns of cell migration and morphogenesis, and may not be functionally required later. Perhaps the beststudied example of neuronal cell death coincides with synaptogenesis in postmitotic neurons [14] . After neurons have differentiated and extended axons to their targets, approx. 50% of the original cells are eliminated. In this case, the number of cells that die is not predetermined, but influenced by a limiting amount of neurotrophic factor (i.e. nerve growth factor and neurotrophins) produced by target tissues. Such studies have led to the formulation of the trophic-factor hypothesis [15] .
Formation and deletion of structures
Apoptosis is important for the proper formation of digits (fingers and toes) of the hand and foot where, during embryonic development, inter-digital cells are removed. A deficiency in apoptosis manifests as webbed fingers in infants [1] . Likewise, many larval tissues that are no longer required in the adult are removed by apoptosis. During the development of amphibians such as frogs, in transition to an adult, the tadpole undergoes a major structural remodelling whereby the tail, notochord and intestine are deleted [16] . Insect metamorphosis involves extensive tissue rearrangement and many larval cells either die by apoptosis or differentiate into adult cells.
Removal of abnormal cells
During development and subsequent tissue homoeostasis, the maintenance of DNA fidelity and proper cell function is of critical importance. The propagation of cells that carry mutations can lead to deleterious characteristics such as aberrant cell growth or auto-immune disease. During cell-cycle progression, the checkpoint machinery detects aberrant DNA replication and mitotic events, and if repair is not possible, the cells are later eliminated by apoptosis. In the developing immune system, any lymphocytes that produce self-reactive receptors are likewise eliminated by apoptosis [17] .
Phagocytosis and removal of apoptotic cells
At any one time or developmental stage, very few apoptotic cells can be detected in vivo. This is due to the rapid phagocytic removal and degradation of apoptotic cells by neighbouring cells and macrophages. The engulfment process, which removes the dying cells before they can lyse and release potentially harmful cytoplasmic contents, is important for tissue remodelling. The mechanisms that regulate the phagocytosis of dying cells have been studied extensively in C. elegans, and functional mammalian homologues have subsequently been identified. Seven genes identified in C. elegans are involved in two redundant phagocytosis or engulfment pathways [8, 18] . Mutations in any single gene within a pathway do not alter phagocytosis, but a mutation in genes in both pathways results in defective engulfment.
Global regulators of apoptosis in C. elegans
C. elegans has proved to be very useful for investigating how patterns of cell fate are established during animal development because it has a completely defined and largely invariant cell lineage. That is, the division, differentiation and development fate of each individual cell follows a precise and predetermined pathway of development. Individual cells can be observed easily in live animals, comparative animal-to-animal studies are readily performed and C. elegans is well suited for genetic and molecular analysis. During the development of an adult C. elegans, 131 out of the total 1090 cells undergo apoptotic cell death in a lineage-specific manner. Genetic studies in C. elegans have defined a variety of single-gene mutations that have specific effects on apoptosis. Analysis of the genes defined by these mutations have revealed that apoptosis is an active process that requires the function of specific genes; some are required to cause cell death, while others protect cells from dying. The genetic dissection of this developmental cell death in C. elegans has led to the identification of three groups of genes involved in this process. The first group of genes includes ces-1 and ces-2 (ces, cell-death specification) and affects the death of specific types of cells. The second group of genes affects most, if not all, of the 131 cells undergoing apoptosis, and is therefore defined as the core apoptosis pathway. These highly conserved regulators, which include four genes, egl-1 (egl, egg-laying-defective), ced-3 (ced, cell-death abnormal), ced-4 and ced-9, are central to developmental apoptosis in C. elegans [7, 19] . The last group of genes, which includes nuc-1 (nuc, nuclease) ced-1, ced-2, ced-5, ced-6, ced-7, ced-10 and ced-12, is involved in the degradation of DNA and phagacytosis of apoptotic cells. Among the three groups of cell-death genes, those involved in the execution phase of apoptosis have been most extensively studied, with biochemical studies suggesting that expression of egl-1, ced-3 and ced-4 are required for the induction of apoptosis, whereas expression of ced-9 is necessary to inhibit cell death [8] .
Conservation of apoptotic proteins and their regulators
Homologues of the nematode core apoptotic pathway genes are conserved throughout evolution, along with additional activators, effectors and inhibitors of cell death (Table 1) . Gene-interaction studies have defined a genetic pathway and have ordered the functions of egl-1, ced-9, ced-3 and ced-4 ( Figure 1 ). The ced-3 gene encodes a defining member of a continuously growing family of specific cystine proteases, termed caspases (cysteinyl aspartate-specific proteases). The first identified mammalian homologue of ced-3 was ICE (interleukin-1␤-converting enzyme), responsible for the processing of pro-interleukin-1␤ to the active cytokine. Subsequent studies have lead to the identification of a total of 14 mammalian caspases (caspases 1-14) [20] . Caspases are broadly grouped into two classes based on their proteolytic specificities and function in either cytokine maturation or apoptosis. Apoptotic caspases are further subdivided into two groups, the initiator or long-pro-domain caspases and the effectors or short-pro-domain caspases. The initiator caspases are involved at the instigation of a proteolytic caspase cascade and amplification of death signals that result in the activation of the effector caspases. In Drosophila, seven caspases have been identified thus far, Dcp-1, Dredd/Dcp-2, Drice, Dronc, Decay, Strica/Dream and Damm/Daydream [11] .
The nematode ced-4 gene functions in the activation of ced-3 and only one mammalian homologue, Apaf-1, has been characterized to date, which, like ced-4, functions in the activation of caspases (Figure 1 ). In C. elegans, the CED-4 protein is normally localized to the mitochondria through an interaction with CED-9, unless EGL-1 is expressed. If EGL-1 is expressed, the interaction between CED-4 and CED-9 is disrupted, and CED-4 translocates to the nuclear membrane where it activates CED-3, which subsequently induces apoptosis. Both CED-4 and APAF-1 require dATP for caspase activation, but mammalian Apaf-1 also requires mitochondrial cytochrome c [21] . Drosophila has recently been shown to have a ced-4/Apaf-1 homologue, Ark (previously called dapaf-1, Dark, hac-1). Importantly, similar to APAF-1 and CED-4, loss-of-function Ark mutants have reduced developmental apoptosis.
The nematode CED-9 and EGL-1 proteins belong to a growing family of proteins with homology with the mammalian anti-apoptotic protein Bcl-2 [4, 22] . This family is functionally divided into pro-and anti-apoptotic subgroups. CED-9 is homologous with the anti-apoptotic subgroup, whereas 
Evolutionarily conserved apoptotic pathways
The mammalian proteins that participate in the intrinsic apoptosis pathway and homologus proteins in C. elegans and Drosophila are represented. In C. elegans, the initiator caspase CED-3 is activated by CED-4, but is inhibited by CED-9. In mammals, the intrinsic pathway involves the translocation to mitochondria of pro-apoptotic Bcl-2 family members, which result in the release of mitochondrial cytochrome c, oligomerization of Apaf-1, activation of caspase-9 and subsequent activation of effector caspases. The IAPs bind to activated caspases, and thereby modulate the induction of apoptosis. The mitochondrial proteins Omi and Smac/Diablo also interact with the IAPs and prevent them from inhibiting caspase activation, thereby inducing apoptosis. DIAP, Drosophila IAP; DRONC, Drosophila Nedd2-like caspase. cytochrome c), caspase-independent pathways (AIF and endonuclease G) or both (Imi/HtrA2). The nematode homologues of endonuclease G and AIF, CSP-6 (caspase homologue 6) and WAH-1 (C. elegans homologue of human AIF) respectively, promote apoptotic DNA degradation and represent some of the mitochondrial proteins implicated in invertebrate apoptosis [23] . Thus endonuclease G/CSP-6 and AIF/WAH-1 provide another example of a single conserved apoptotic signalling pathway between vertebrates and invertebrates. Following the lead of studies in C. elegans, similar genetic studies in Drosophila have also validated the conservation of apoptosis signalling events through the identification of several additional regulators. A region of the Drosophila genome that contains four genes, sickle, reaper, grim and head involution defective (hid) has been shown to be essential for virtually all apoptosis during Drosophila embryogenesis and development [11, 24, 25] . These genes have minimal sequence homology with any known mammalian proteins, apart from a small region of 15 amino acids shared by all four genes. Evidence for the existence of vertebrate homologues of these genes comes from the observations that these proteins are able to functionally interact with a family of inhibitors of apoptosis, the IAPs [26] . The IAPs were first identified in baculovirus, but have since been shown to be important regulators of apoptosis in Drosophila and mammals (Figure 1 ) [26] .
C. elegans

Mammals
Though it has no sequence homology with the Drosophila genes reaper, grim or hid, one mammalian protein, Smac/Diablo, does share many functional similarities. Like Reaper, Grim and Hid, Smac/Diablo also interacts with the IAPs and prevents them from inhibiting caspase activation, thereby inducing apoptosis (Figure 2) . Furthermore, Smac/Diablo interacts with the BIR (baculovirus IAP repeat) domain of the IAPs, similar to Reaper, Grim and Hid.
Developmental regulation of cell death
Although genetic and biochemical studies have considerably advanced our understanding of the genes involved in the execution and regulation of apoptosis, little attention has been given to the regulation of apoptosis in developing animals. One perplexing question is how do cells decide to undergo apoptosis? In mammals, cell interactions act to initiate some forms of programmed cell death, while in C. elegans, very few cell deaths depend upon cell interactions, with many being cell-autonomous [27] . There are two ways in which autonomous cell death can be initiated. First, apoptosis might be triggered by an underlying physiological cellular defect, such as DNA damage or a defect in differentiation. Secondly, developmental apoptosis might be a differentiation fate expressed as a consequence of the normal process of terminal differentiation. In this way, developmental apoptosis is similar in a number of ways to adopting a state of differentiation, such as becoming a neuron or muscle cell. Like other developmental fates in C. elegans, cell death occurs throughout the cell lineage, with the majority of cell deaths occurring during the developmental period when most other cells terminally differentiate. Also similar to other cell fates in C. elegans, developmental apoptosis is observed in an invariant pattern with the same linearly equivalent cells undergoing apoptosis from animal to animal. This reproducibility in the cells that die suggests that developmental apoptosis is not a result of physiological cellular defects, but rather indicates that developmental apoptosis is no different from developmental cell fates in general. The integration of many cellular signals, including extracellular survival factors [15, 17] , cell-surface death receptors [5, 17] , cell-lineage determinants [8] , steroid hormones [10, 28] and intracellular and extracellular stress signals [29] , determines when apoptosis occurs during development (Figure 2) .
Studies have recently provided abundant information on how these signalling events initiate the regulated removal of specific cells by apoptosis.
Extracellular survival factors
Withdrawal of growth-factor signals has long been recognized as an important mediator of cell death and has led to the trophic-factor hypothesis [15] . During development in vertebrate nervous systems, excessive numbers of glia and postsynaptic neurons are produced that ultimately die by apoptosis [14, 15] . The number of cells that die is not predetermined, but is influenced by a limiting amount of neurotrophins or extracellular stimuli produced by target tissues. During vertebrate synaptogenesis in post-mitotic neurons, following neuronal differentiation and axonal extension to target tissues, approx. 50% of the original cells are eliminated. Recently, the mechanism underlying trophic factor signalling was determined using Drosophila development as a model system [30] .
During the development of Drosophila, approx. 10 midline glial cells are generated in each embryonic segment and function to separate axon tracts. Most of these glial cells die at a specific embryonic stage, dictated by the loss of SPITZ, a neuronal secreted ligand of the EGFR (epidermal growth factor receptor). In the presence of SPITZ, the EGFR initiates a Ras/MAPK (mitogen-activated protein kinase) anti-apoptotic signalling pathway, which suppresses expression of the pro-apoptotic protein HID [31] . Therefore, loss of SPITZ signal enables HID (head involution defective) to activate apoptosis by interacting with DIAP1 (Drosophila IAP1) and releasing its inhibition of caspases [30] . Whether equivalent regulation by survival signals occurs in vertebrates remains to be determined.
Cell-lineage information
There are two forms of the nematode C. elegans, hermaphrodites and males. During development of the male, expression of the sex-determining gene tra-1, which encodes a zinc-finger transcription regulator, regulates apoptosis of hermaphrodite-specific neurons. The Tra-1 protein represses transcription of the pro-apoptotic egl-1 gene and thereby prevents induction of apoptosis by EGL-1 in hermaphrodites [32] . During male development EGL-1 induces apoptosis of hermaphrodite-specific neurons by sequestering the antiapoptotic protein CED-9. EGL-1 has significant sequence homology with other members of the BH3 subfamily of pro-apoptotic Bcl-2 family members, suggesting that similar mechanisms may be utilized in other species.
Steroid hormones
During Drosophila embryogenesis and development, increasing numbers of apoptotic cells are observed throughout the embryo, particularly in the developing nervous system [10, 32] . Later, during metamorphosis, abundant tissue and structural reorganization involves extensive apoptosis that is regulated by specific changes in the concentration of the steroid hormones [11, 28] . The steroid hormone ecdysone regulates both cell differentiation and cell death during insect metamorphosis, by hierarchical transcriptional regulation of a number of genes, including the zinc-finger family of transcription factors. These genes in turn regulate the transcription of a number of downstream genes. DRONC (Drosophila Nedd2-like caspase), a key apical caspase in Drosophila, is the only known caspase that is transcriptionally regulated by ecdysone during development [33, 34] . Decreased ecdysone concentrations also induce neuronal cell death by altering the transcription of the pro-apoptotic genes reaper, grim and hid [32] . Similarly, in mammals, withdrawal of androgens induces apoptosis in the prostate gland, and increased production of the male sex hormone testosterone induces apoptosis in mammary cells in males [1] . Further increases in the Drosophila steroid hormone ecdysone at the late larval/early pupal stage also induces cell death of larval tissues including the midgut and salivary glands, which are not needed in the adult [35] .
Developmental expression and modification of apoptotic components
As outlined above, apoptosis is a tightly regulated process where aberrant regulation leads to gross developmental defects or disease. It is important to maintain low levels of pro-apoptotic proteins in the cytoplasm under normal growth conditions, but to rapidly induce their expression or activity when cells are programmed or stimulated to undergo apoptosis. For this reason, the function of many genes and proteins involved in apoptosis are developmentally controlled both at the transcriptional level and via several post-translational mechanisms. For example, at the protein level, Apaf-1 may be modulated by proteolytic cleavage, subcellular localization and by association with protein modifiers. Transcriptional regulation of Apaf-1 has been implicated during development of the mammalian central nervous system. Members of the bcl-2/ced-9/egl-1 family are also modulated by transcriptional and post-translational mechanisms [29] . In C. elegans, expression of egl-1 in hermaphrodite-specific neurons is normally repressed by the transcription factor TRA-1 in hermaphrodites, but not in males [32] . In mammals, at least four Bcl-2 family members are subject to transcriptional control [29] . During embryogenesis, Hrk/DP5 expression is up-regulated upon withdrawal of nerve growth factor or treatment with amyloid ␤ protein, and its levels peak at the time when these cells are committed to die. Phosphorylation-induced changes in protein conformation, which cause release from an inactive complex, increase affinity for the formation of homoand hetero-dimers, and is central to the regulation of members of the bcl-2/ced-9/egl-1 family [29] . Drosophila hid is negatively regulated at the transcriptional and post-transcriptional levels by the EGFR/Ras/Raf/MAPK pathway [30, 31] . By conducting genetic interaction studies in transgenic models of Drosophila, it was also demonstrated that the EGFR pathway promotes cell survival by transcriptional repression of hid and that the MAPK phosphorylation sites in Hid are critical for this response [30] . Additional in vitro promoter analysis studies of reaper, grim and hid genes revealed that steroid hormones, developmental signals and growth factors modulate expression of these genes [9] [10] [11] 28] .
In vivo gene-manipulation studies
Developmental genetics in model systems, including C. elegans and Drosophila, have helped to identify and order the components of apoptotic pathways. An even more complex network of apoptotic pathways has evolved in higher organisms that possess multiple homologues within each set of celldeath regulators. Whereas biochemical studies provide details of molecular mechanisms of apoptosis, genetic models reveal the essential physiologic roles. Comparison of transgenic or gene-knockout mice with their wild-type littermates has helped to elucidate mammalian apoptotic pathways and identify the principal effect of each cell-death regulator, thereby enabling an assessment of the role played by specific genes in apoptosis during mammalian development [6] . For example, Apaf-1-null animals suffer a variety of developmental defects and either die in utero or shortly after birth [36] . Apaf-1-null embryos exhibit severe cranio-facial deformation, neural and brain overgrowth and retain inter-digital webs; all features of insufficient or compromised apoptotic cell death [36] . These studies demonstrate that Apaf-1 is critical for apoptosis in the central nervous system and for normal brain development, although the role of Apaf-1 in other forms of developmental apoptosis is still unclear. Unlike mice, Drosophila mutants that lack Apaf-1 expression are viable, indicating the need for some caution when comparing developmental apoptotic processes between species, particularly between Drosophila and humans.
Caspase-8-null mice die in utero as a result of defective development of heart muscle and display fewer haematopoietic progenitor cells, suggesting that the FADD (Fas-associated death domain)/caspase-8 pathway is absolutely required for growth and development of specific cell types. Similarly, animals with mutations in caspase-3 and caspase-9 die early in development and show defects in apoptosis in the nervous system, resulting in brain overgrowth [6] . From these studies, it is evident that cell death is an important component of development in the nervous system, brain and cardiovascular system, but more detailed studies are required to understand the precise role that dying cells have in the formation of these structures and systems.
Conclusions
Normal development is tightly regulated by cell division and apoptotic cell death. Genetic and biochemical studies have provided detailed information on the proteins and enzymes responsible for the activation, regulation and mechanisms of apoptosis. Because of the close association between aberrant cell death and diseases (cancer, auto-immune disease), the therapeutic modulation of apoptosis has become an area of intense research, but with this comes the demand for a more thorough understanding of apoptosis in whole organisms. In recent years, researchers have begun to look at the regulation of apoptosis in more integrated systems and model organisms. This approach was successfully demonstrated for C. elegans where the core apoptotic pathway was first identified and characterized, and has now been applied to Drosophila and other model organisms. Collectively, these studies have identified and characterized the basic genes and proteins involved in mammalian apoptosis, and demonstrate an impressive universality of core apoptotic proteins, mechanisms and regulation among developmentally divergent species. Future studies of developmental apoptosis will determine more similarities and differences between the mechanisms that mediate cell death under physiological conditions, thereby providing invaluable information in the diagnosis of disease and design of appropriate therapeutics. 
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